Abstract-The Erlang capacity per cell and per unit area in urban code-division multiple-access (CDMA) microcellular environments is evaluated. Special emphasis is given to the effect of breakpoint distance and cell size on the system Erlang capacity. Two different cell plans are considered in which the communication between the base station (BS) and the mobile unit always occurs in a line-of-sight (LOS) condition: the full-and half-square cell plans. Our main result has been to obtain analytical expressions for the Erlang capacity, which are evaluated through a cell radius-normalization procedure, as a function of the breakpoint to the cell radius ratio (
I. INTRODUCTION

M
ICROCELLULAR systems have been proposed to increase cellular capacity mainly in dense urban areas that have a large volume of wireless communication traffic [1] . One way to increase the cellular system capacity in urban areas is by reducing the cell size to cover only a few town blocks. Specific propagation characteristics in this type of microcells require a new approach to cell planning. This is because the propagation characteristics are a function not only of the propagation exponent, but also of the buildings and network topology. In this paper, we consider the ideal Manhattan-like street pattern with base stations (BSs) placed at street intersections with the propagation between transmitter and receiver occurring in line-of-sight (LOS) conditions. Two different cell plans are considered: the full and half square. Consequently, the shape of each microcell is that of a cross as we assume omnidirectional an- tennas [2] . For hard handoff, the microcellular boundary is considered to be at a distance , the cell radius, from the BS. In the literature, a two-slope propagation model for a LOS condition in urban microcellular environments is widely reported, where a breakpoint marks the separation between the two LOS segments [3] - [7] . This breakpoint distance depends on the BS and mobile-unit antenna heights and on the wavelength. However, the effect of this breakpoint distance on the system performance of urban microcellular networks has not been studied completely.
In [8] , the Erlang capacity was calculated for a tessellated hexagonal code-division multiple-access (CDMA) cellular system, where transmissions are subject to an inverse fourth-power path-loss law and log-normal fading. In [9] , it was calculated for highway CDMA microcellular systems. Also, the effect of the propagation model on the system performance was studied. In [10] , the capacity and the mean and variance statistics of interference in highway wide-band code-division multiple-access (W-CDMA) microcells was studied. A general propagation exponent using a two-slope propagation model and log-normal shadowing was used. However, only one value of the breakpoint to the cell radius ratio ( ) was considered in their evaluation. In [2] , Lee and Steele evaluated a half-square cell plan CDMA microcellular system for three different values of the breakpoint distance (150, 200, and 250 m) with a fixed value of the cell radius (200 m). They concluded that the optimum size for the cross-shaped city microcells is one that occurs when the breakpoint is equal to the cell radius and when the breakpoint is 150 or 250 meters, the capacity is about 10% less than the optimum case. As we will show, this cannot be true because the Erlang capacity is a monotonically decreasing function of the breakpoint to the cell radius ratio ( ). In [11] , Feuerstein et al. presented an analysis of outage probability as a function of the antenna height in a LOS microcellular environment. They define "outage" as the condition when path loss exceeds a specified level and communication is then lost over a particular channel. They concluded that the microcell boundaries are defined clearly in terms of the outage probability and that this observation gives microcellular systems designers the ability to fine-tune microcell sizes to the propagation environment. However, they carried out only a coverage, not an interference, analysis. In [12] , Clark et al. studied the reuse efficiency of an urban time-division modulation-access (TDMA) microcellular network considering two different values of the breakpoint distance, one for 900 MHz and one for 2 GHz, and three different cell radii. It was observed that the reuse efficiency at 900 MHz is higher than at 2 GHz. The reason for this is that the breakpoint at 2 GHz is about double that at 900 MHz, resulting in a degraded interference shielding effect; i.e., the desired mobile's propagation approximately follows an inverse-square law, whereas the cochannel interferer's propagation approximately follows an inverse fourth-power law. Finally, in [13] and [14] Ho et al. observed that under a two-slope propagation environment, there is a significant reduction in the cell's Erlang capacity in direct-sequence (DS)/CDMA systems as the cell size decreases. They noted that smaller cell size increases the system's Erlang capacity, but the increase in other-cell interference will lower it. Then, it is interesting to see how these two factors balance out each other. However, they considered only one value of the breakpoint distance (300 m) and seven different cell radius (100, 200, 300, 400, 500, 800, and 1000). As it can be noticed, the interference-shielding effect in a two-slope propagation environment has not been characterize completely, in either TDMA or CDMA microcellular environments.
In this paper, the system Erlang capacity and capacity increase due to the cell radius reduction and/or breakpoint distance variation in an urban microcellular environment are evaluated. We consider two cell plans: the full and the half square [3] , [15] , [16] . In the full-square cell plan, there is a BS with an omnidirectional antenna located at every other intersection and each BS nominally covers a block in all four directions, as shown in Fig. 1 . On the other hand, the half-square cell plan places BSs with omnidirectional antennas at each intersection and each BS nominally covers half a block in all four directions, as shown in Fig. 2 . In this cell plan, the number of BSs is doubled in relation to the first one. The full-square cell plan is more convenient in terms of costs using fewer BSs and could be the initial configuration; the half-square cell plan increases the system capacity, adopting smaller cells. Our main result is to have obtained analytical expressions of the Erlang capacity, for both hard and soft handoff, as a function of the breakpoint to the cell radius ratio (
). This has allowed us to notice some important facts not previously reported in the literature. In particular, we observe that the Erlang capacity is a monotonically decreasing function of and that close to the highest reuse efficiency is achieved for . We show that the capacity increase due to the cell radius reduction depends on the antenna heights, frequency of operation, and distance between streets. Also, we quantify the interference from users in non line-of-sight (NLOS) conditions for both soft and hard handoff. In the next section, we describe the propagation model used. The other-cell interference factor and the Erlang capacity per cell are calculated in Sections III and IV, respectively. In Section V, the Erlang capacity per area unit and the capacity increase due to the cell plan change are calculated. Some numerical results are presented in Section VI. Finally, Section VII presents some concluding remarks.
II. PROPAGATION MODEL
For the LOS propagation condition, we consider a two-slope propagation model. The propagation model is characterized, in general, by log-normal shadowing and path loss. The model is mathematically given by [3] ( 1) where is the LOS path loss at distance from the transmitter and is the breakpoint distance that marks the separation between the two LOS segments. The second of these LOS segments has a higher slope ( ) and predicts larger losses than the first ( ); that is, . Finally, are the losses at the breakpoint and is a Gaussian random variable with zero mean and standard deviation . In [7] , a breakpoint equation was presented, which is in excellent agreement with breakpoint distances observed in various propagation studies. This equation is (2) where and are the BS and mobile unit antenna heights, respectively, and is the wavelength.
The path-loss propagation in the NLOS condition is given by (3) where denotes the NLOS segment slope and is the distance from the transmitter to the corner. The parameters involved are given by where is the street wide. In our numerical evaluations, we consider m, , and in accordance with [3] . This is because, as the mobile unit is close to the transmitter, the variation of the path loss with has a form of an oscillatory function with an underlying behavior as the direct and ground-reflected waves add either constructively or destructively as phasors. For larger values of , the direct and ground-reflected rays are almost out of phase and add destructively and as increases the path loss increases monotonically with dependence .
As in [17] , the propagation model also takes into consideration the dependence of the propagation losses to two different BSs from a mobile user. Since the propagation losses in decibels are Gaussian, we assume a joint Gaussian probability density for losses to two BSs. Equivalently, the random component of the decibel loss can be seen as the sum of a component in the near field of the user, which is common to all BSs, and a component that pertains solely to the receiving BS and is independent from one BS to another. Thus, the random component of the decibel loss for the th BS can be expressed as (4) with for all for all and for all and Thus, the normalized covariance (correlation coefficient) of the losses to two BSs, and , is
The first term of (4) is the component in the near field of the mobile station (MS), which is independent of the receiving BS; the second term of (4) is the component that is independent from one BS to another. Notice that this model includes the limiting cases of independent attenuations ( ) and of highly correlated attenuations ( ). As in [17] , we use throughout all numerical results.
III. OTHER-CELL INTERFERENCE FACTOR
In this section, we calculate the other-cell interference factor following the methodology of [17] . First, we consider the LOS interference for both hard and soft handoff. This is done to calculate the capacity increase due to the use of soft handoff in microcellular environments. Then, we analyze the NLOS interference. Here we consider only the reverse-link capacity since it is generally accepted that it has inferior performance than the downlink [18] . The soft handoff and the power-control guarantee that, for the controlling BS, each user's received signal energy-to-interference is normalized to be equal to that of all other users. This limits each other-cell user's interference to a normalized value less than unity, since otherwise those users would be controlled by the given cell. Capacity is reduced by the aggregate of all other-cell user's relative energy. Hence, it is proportional to where is the other-cell interference factor [17] . Now, we proceed to determinate . In soft handoff, a call may be connected to two or more BSs. In the following other-cell interference analysis, we consider only the soft handoff reception by the best of two nearest cells. The same analysis technique can be extended to the case when a call is connected to more than two BSs [17] . In the LOS interference analysis, we assume the street wide negligible and a uniform density of subscribers with users per cell. Note that, in average, only 2 out of the 4 interfering users are in LOS condition in each interfering ring. In the numerical evaluations, we consider other-cell interference coming from active calls within the area of target cell and three tiers of its surrounding cells. The interference coming from other areas is insignificant.
Due to the perfect power control assumed, the interference from the transmitters within the given subscriber's cell arrives with the same power when active, since each user is power controlled by the same cell site. The total interference received at the BS is proportional to , where is the number of users per cell and is the other-cell interference factor [19] .
A. LOS Interference 1) Hard Handoff:
Suppose that a single cell is being received at any one time, with hard handoff between cells being performed at the cell boundary. Notice that this is somewhat idealized. We denote the cell under consideration as the zeroth cell. In hard handoff, the user is communicating through the BS nearest to it and will be power controlled by that BS so that the user's transmitter power gain equals the propagation loss. Suppose that the interfering subscriber is in another cell site at a distance from its cell site and at from the cell site of the desired user, where is the cell radius and refers to the th ring of interfering cells. Based on (1), 
Thus, the average interference at the given cell due to all users with LOS in all other cells (the LOS region of the complement of the area shown in Figs. 1 and 2 ) is [17] 
where is the constant , is the voice activity factor and is the density of users per length unit, which is given by (8) where is the nominal cell radius. Normalizing to the cell radius, let and
Then, equation (7) can be rewritten as (10) 
For the numerical evaluation of (10), we first fix the value of , i.e., . We then numerically integrate over the region . Notice that for hard handoff and . Thus, when hard handoff is used, the other-cell LOS interference factor is given by (12) 2) Soft Handoff: For soft handoff, we consider other-cell interference when the user is permitted to be in soft handoff to only its two nearest cells and at, any given time, the best of the two BS's receptions will be utilized at the switching center. Taking again the zeroth cell as the one under consideration, the region for which this cell can be in soft handoff, which we denote by , is the shadowed area in Figs. 3 and 4 . Within , any user that is communicating with one of the four nearest neighbors in LOS will introduce other-cell interference into the zeroth BS. But this happens only if the propagation loss to that neighbor is less than that one to the zeroth BS, in which case it is power-controlled by the former. Thus, the mean total interference to the zeroth BS from within the region is [17] 
where is the distance from the mobile unit to its BS and is the distance from the mobile unit to the interfered BS. The function is given by (14) Normalizing to the cell radius, let and
Then equation (13) can be rewritten as (16) For the numerical evaluation of (16), we first fix the value of . We then numerically integrate over the region . Note that for this case, , , and . For the complementary region , the two nearest BSs involved in a potential soft handoff do not include the zeroth. Thus, the total mean LOS interference to the zeroth BS from the region is given by (17) as shown at the bottom of the page [17] , where and are the two BSs closest to the mobile unit, which are involved in the soft handoff.
is the distance from the mobile unit to the interfered BS.
Normalizing to the cell radius, let and
Then, equation (17) can be rewritten as (19) For the numerical evaluation of (19), we first fix the value of . We then numerically integrate over the region . Notice that for this case, , , , and . Thus, when soft handoff is used, the other-cell interference factor is given by (20) The other-cell LOS interference factor for both hard and soft handoff are plotted in Fig. 5 as a function of the with the standard deviation of the log-normal shadowing as parameter. Note that is a monotonically increasing function of the . These plots apply to both full-and half-square cell plans, as the LOS interference scenario is the same in both cases. That is, the different relative distances involved in the calculations of are the same for both cell plans. It should be noted that results obtained with expressions (10), (16) , and (19) are valid for general values of the breakpoint and the cell radius whose ratio is equal to the selected value .
B. NLOS Interference
For hard handoff considering the four nearest equidistant cells to the zeroth BS, the total mean interference to the zeroth BS from the users with NLOS transmission is shown in (21) at the (17) bottom of the page, where is the distance from the mobile unit to its BS, is the distance from the mobile interferer to the corner where its signal is diffracted, and is the distance from the mobile interferer to the zeroth BS.
For soft handoff, within any user that is communicating with one of the two nearest neighbors will introduce interference into the zeroth BS. But this happens only if the propagation loss to that neighbor is less than that one to the zeroth BS, in which case it is power-controlled by the former. Thus, in this region there are no users in NLOS condition. For the complementary region , the two nearest BSs involved in a potential soft handoff do not include the zeroth. Thus, considering four equidistant cells, the total mean NLOS interference to the zeroth BS from the region is given by (22), as shown at the bottom of the page.
For the numerical evaluation of the other-cell NLOS interference factor, a cell radius process normalization similar to that of the LOS interference is performed. Fig. 6 shows the other-cell NLOS interference factor as a function of the breakpoint to the cell radius ratio, with the standard deviation of the log-normal shadowing as a parameter. Notice that the NLOS interference scenarios are different in different cell plans. Observe that the interference from users in the NLOS condition represents less than 1% of the LOS interference and can then be neglected in the numerical evaluations. Thus, we consider that the other-cell interference factor is
IV. ERLANG CAPACITY PER CELL
The average traffic load in terms of average number of users requesting service, resulting in a given blocking probability, is called the Erlang capacity of the system. For the CDMA reverse link, blocking is defined to occur when the total collection of users both within the cell and in other cells introduce an amount of interference density so large that it exceeds the background noise level by an amount , taken to be 10 dB [8] . Considering that the number of active calls is a Poisson random variable with mean , that voice activity detection is used such that each user's required energy-to-interference ratio is varied according to propagation conditions to Fig. 6 . Other-cell NLOS interference factor versus the breakpoint distance to the cell radius ratio.
achieve the desired frame error rate and, assuming all cells are equally loaded (with the same number of users per cell that are uniformly distributed), the Erlang capacity per cell was derived in [8] and is given by
where is the spread-spectrum bandwidth, is the data rate, is the ratio of background noise to acceptable maximum noise plus interference, is the ratio of bit energy to interference noise, and is the average voice activity factor. Observe that in this paper, the Erlang capacity is a function of the breakpoint to the cell radius ratio. The function is defined by where is the constant , is the standard deviation of the , since the value of required to achieve the desired low error rates depends on the propagation conditions of each user and (25) where is the inverse of the function defined in (14), which gives the blocking probability . We calculate the Erlang capacity per cell for both IS-95B and cdma2000 microcellular systems. The parameters used in the numerical evaluations are shown in Table I . For IS-95B systems, the median was 7 dB for the noncoherent reverse link. For cdma2000 systems, it is approximately 4 dB [20] . The value of the standard deviation associated to the effects of the closed-loop power control has been observed to be 2.5 dB from field tests in IS-95B and 1.5 dB for cdma2000 from simulations. We have used the value of the parameters [median, and standard deviation ] of empirically determined based on the assumption of single-slope power loss law [20] and [21] because, to our knowledge, they have not been determined based on the assumption of a two-slope power loss law in the literature. As noticed from (23), the value of these parameters directly impacts on the Erlang capacity calculation. The reduction (increment) of the mean or the standard deviation of increases (decreases) the Erlang capacity. However, our qualitative results and findings are not altered. The average voice activity factor is 0.4 for IS-95B. However, for cdma2000, there is a pilot overhead that must be accounted for in the voice-activity factor calculation. The average voice-activity factor is 0.63 for cdma2000 [20] .
V. SYSTEM CAPACITY INCREASES DUE TO THE CELL-PLAN CHANGE
As noticed in [13] , in a one-slope propagation environment, the Erlang capacity per cell is not affected by the cell size and, hence, the system Erlang capacity is inversely proportional to the square of the cell radius. However, in a two-slope path-loss propagation environment, smaller cell size increases the system Erlang capacity, but at the same time the other-cell interference increases, which lowers the Erlang capacity per cell. Therefore, it is important to see how these two factors balance each other out. To determine the system capacity increase due to doubling the number of BSs or to cell radius reduction in the full-square cell plan, we calculate the capacity per area unit given the Erlang capacity per cell. Notice that the Erlang capacity per cell is a function of the breakpoint distance and the cell radius. The Erlang capacity per area unit of the full-square cell plan (where each BS covers one block in all four directions) is given by (26) where is the cell radius and is the nominal coverage area per cell and is given by (27) is the street wide and is the street separation distance. Then (26) becomes (28) On the other hand, the capacity of the half-square cell plan is given by (29) where is the cell radius and is the nominal coverage area per cell and is given by The system capacity increase factor due to the BSs doubling is given by (32) Fig. 8 . Erlang capacity per cell versus the breakpoint distance to the cell radius ratio for cdma2000 microcellular system for = 1:5 dB.
If
, then the system capacity increase factor is approximately given by Notice that the system-capacity increase factor depends only on the other-cell interference factor, which depends on the breakpoint and cell radius.
VI. RESULTS
The expression of the Erlang capacity per cell (23) is plotted in Figs. 7 and 8 for IS-95B and cdma2000 microcellular systems, respectively, as a function of the breakpoint to the cell radius ratio with the standard deviation of the log-normal shadowing as a parameter. This capacity is shown for both hard and soft handoff. Notice that the reduction (increment) of the mean or the standard deviation of increases (decreases) the Erlang capacity. But these Erlang capacities are still monotonically decreasing functions of the breakpoint to the cell radius ratio ( ). These results show that given a breakpoint distance, higher Erlang capacity per cell can be achieved with greater cell radius. Or equivalently, given a cell radius, higher system capacity can be achieved with smaller breakpoint distances. For a range of values, the breakpoint distance can be controlled by adjusting the BS antenna height and the frequency of operation. Thus, a smaller breakpoint distance can be achieved by reducing the BS antenna height or the frequency of operation. 1 From the capacity or interference-analysis point of view, the breakpoint distance must be as small as possible. Fig. 9 . System-capacity increase factor versus the breakpoint to the street separation distance ratio.
Observe from Figs. 7 and 8 that near the maximum Erlang capacity per cell is achieved with breakpoint distances smaller than 0.7 the cell radius, that is . This maximum capacity is 23.4 Erlangs/cell for IS-95B and 41.8 Erlangs/cell for cdma2000. Note that the IS-95B capacity is similar to the Erlang capacity per cell for a CDMA highway microcellular system calculated in [9] . This is because there is a similar interference scenario. Thus, to achieve the highest spectral efficiency, some mobile users must suffer the highest path loss exponent as . However, globally a favorable interference condition is obtained. From the coverage requirement point of view, it is desired that the intended signal suffer the minimum path-loss exponent. Nevertheless, the potential coverage problem can be solved by increasing the transmitting power.
As it can be observed from Figs. 7 and 8, for the hard handoff, a high sensibility to the value of the standard deviation of the log-normal shadowing is observed. For example, in IS-95B (cdma2000) with dB, the maximum Erlang capacity is 22.09 (39.51) Erlangs/cell. Meanwhile, with dB the maximum Erlang capacity is 19.83 (35.47) Erlangs/cell. This sensibility is smaller for the soft handoff. Fig. 9 shows the system capacity increase factor due to the number of BSs doubling or cell radius reduction versus the breakpoint to the street-separation distance ratio. This system-capacity increase factor is shown for hard and soft handoff, with the standard deviation of the log-normal shadowing as a parameter. Notice that the capacity-increase factor depends only on the breakpoint distance and the distance between streets. The capacity increase ranges from 64 to 100%. Thus, for some values of the breakpoint distance the capacity can be doubled when the number of BSs is doubled; for other values of the breakpoint the capacity increase can be only 64%. As an example, assume that m, m, frequency of operation in 900 MHz band, m, and m. Then . With this ratio, the Erlang capacities of the two-cell plans for both IS-95B and cdma2000 II  ERLANG CAPACITIES OF THE TWO-CELL PLANS AND THE SYSTEM-CAPACITY INCREASE DUE TO THE CELL RADIUS REDUCTION FOR IS-95B AND cdma2000 and the system-capacity increase are shown in Table II . It should be noted that the system-capacity increase is the same for IS-95B and cdma2000 and is independent of the value of the parameters of . This is because the system capacity increase factor given by (34) only depends on the other-cell interference factor, which is the same for both.
VII. CONCLUSION
In this paper, we evaluated the reuse efficiency of LOS urban CDMA microcellular systems. We obtained general expressions of the other-cell interference factor as a function of the breakpoint to the cell radius ratio. We explained the methodology to evaluate this expression through a cell radius-normalization procedure. Then, we found that the Erlang capacity per cell is a monotonically decreasing function of the breakpoint to the cell radius ratio. Thus, given a breakpoint distance, higher Erlang capacity per cell can be achieved with greater cell radius. Or equivalently, given a cell radius, higher system capacity can be achieved with smaller breakpoint distances. That is, with smaller BS antenna heights and/or smaller frequencies. Also, we showed that the capacity increase due to the cell radius reduction depends on the antenna heights, frequency of operation, and distance between streets. These results can be used in the design of urban CDMA microcellular systems with the objective to maximize system capacity by finely tuning the microcell sizes to the propagation environment.
